This paper will discuss many of the theoretical and physical principles that underlie the operation of radar systems. The word radar is derived from an acronym for radio detection and ranging. Radar is an electronic and electromagnetic system that uses radio waves to detect and locate objects. Radar operates by transmitting a particular kind of radio frequency waveform and detecting the nature of the reflected echo. When radio waves strike an object, some portion is reflected, and some of this reflected energy is returned to the radar set, where it is detected. The location and other information about these reflective objects, targets, can be determined by the reflected energy. Monostatic radars have transmitters and receivers that are co-located, whereas bistatic radars have transmitters and receivers that are physically separated. This paper will focus on monostatic radar, although many principles developed for monostatic radar can readily be transferred to bistatic radar.
Introduction
This paper will discuss many of the theoretical and physical principles that underlie the operation of radar systems. The word radar is derived from an acronym for radio detection and ranging. Radar is an electronic and electromagnetic system that uses radio waves to detect and locate objects. Radar operates by transmitting a particular kind of radio frequency waveform and detecting the nature of the reflected echo. When radio waves strike an object, some portion is reflected, and some of this reflected energy is returned to the radar set, where it is detected. The location and other information about these reflective objects, targets, can be determined by the reflected energy. Monostatic radars have transmitters and receivers that are co-located, whereas bistatic radars have transmitters and receivers that are physically separated. This paper will focus on monostatic radar, although many principles developed for monostatic radar can readily be transferred to bistatic radar.
Radio Wave Properties and Propagation
Radio waves have many properties including speed, frequency, and power; they display many phenomena such as refraction, attenuation, and reflection. The known speed and reradiation properties of radio waves are fundamental to the theory of radar operation, since radar systems are, at their core, transmitters and receivers of radio waves.
Electromagnetic waves are composed of both electric and magnetic fields, both of which oscillate perpendicular to each other and the direction of propagation. These transverse waves can be identified by certain characteristics, such as wavelength and frequency. Wavelength is the distance between successive peaks, whereas frequency is the number of peaks passing a point in a period of time. Radio waves occupy a portion of the electromagnetic spectrum from frequencies of a few kilohertz to a few gigahertz, less than one-billionth of the total electromagnetic spectrum.
In a vacuum, radio waves travel in straight lines. The speed of radio wave propagation in a vacuum (3 10 
where E and B are the electric and magnetic field magnitudes respectively, and µ o is the permeability of free space. This can also be defined as the Poynting vector,
The total power out of any closed surface is then
The atmosphere can cause power to attenuate, depending on range and frequency.
Attenuation peaks at certain frequencies due to absorption by atmospheric gases, such as water vapor at 22.24 GHz and oxygen at 60 GHz. Heavy rainfall also attenuates radar waves increasingly at higher frequencies.
Reflection at a definite angle from a very smooth surface is called specular reflection, whereas scattered reflection from a rough surface is called diffuse reflection. In radar applications, almost all reflection that is encountered is diffuse reflection. The transmitted waveform emitted from a radar is reflected by a target, and then detected by the radar to determine target location.
Doppler Effect and Moving Target Indication (MTI) Filtering
The frequency and wavelength of electromagnetic waves are affected by relative motion. unwanted, radars try to eliminate it using signal and data processing techniques. One of these techniques is based on the fact that targets of interest move, whereas most clutter does not.
Using the Doppler effect's result that stationary objects will not have frequency shifts, the transmitted waveform frequency is filtered out of the received signal. As a result of this frequency domain filtering, only moving targets will remain. This process is called moving target indication filtering or MTI.
Radar Range Equation
The radar range equation relates the range of a radar system to the characteristics of its transmitter, receiver, antenna, target, and environment. In the simple form of the equation, propagation effects discussed earlier are ignored. If the power of the radar transmitter, P t , is transmitted through an isotropic antenna, which radiates uniformly in all directions, the power density at a distance R from the radar will be 2 t 4π P density power R =
Radars generally use directional antennas, which channel the transmitter power in a particular direction. The gain, G, of an antenna is the increased power in the direction of the target as compared to an isotropic antenna. When a directional antenna is used, the power density at distance R from the radar becomes 
Radar cross section (RCS), A o , is a measure of the electromagnetic energy intercepted and reradiated at the same frequency by an object. To determine the RCS of an object, the reradiation properties are compared to an idealized object that is large, is perfectly conducting, and reradiates isotropically. An example of this is a large copper sphere, whose RCS is given by
where r is the radius of the sphere. When the transmitted pulse reaches the target, it is reradiated in all directions, so the power density of the echo signal at the radar is t o 2 2 P GA power density of echo at radar 4π 4π R R =
The radar antenna only captures a portion of the echo power. If the effective area of the radar antenna is denoted A e , the power received by the radar, P r , is t o e t o e r 2 2 2 4
The maximum radar range R max beyond which the radar cannot detect targets occurs when the received echo signal is the minimum detectable signal, P min . Hence, 
As described previously, there is also a radar horizon range limitation, which may further limit the range of the radar. This simplified radar range equation is more of an upper bound, rather than a true measure of range limitation for practical radar systems.
Conclusion
The transmission and reception of radio waves is the fundamental operation of radar waves. Many properties and phenomena of radio waves are crucial to the operation of the radar system. The Earth's atmosphere plays a central role in radar operation, as it is the medium of propagation for the radio waveforms. The Doppler effect also plays a vital role in practical radar systems. Properties of the radar, the target, and the environment all contribute to determine the maximum range at which the radar can detect a target. Radar has numerous applications including air traffic control, meteorology, and military applications. Understanding the physical and theoretical underpinnings of radar systems is essential to understanding radar systems themselves.
